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Introduction
The sigma phase () belongs to a family of the so-called Frank-Kasper phases, also known as topologically closed-packed (TCP) structures. It has a complex tetragonal crystallographic structure. Its unit cell, whose volume is of the order of 350 Å 3 , hosts 30 atoms distributed over 5 nonequivalent lattice sites having high (12) (13) (14) (15) coordination numbers. The  phase occurs in alloys in which at least one element is a transition metal. In the simplest alloys i.e. binary ones there are known 43 cases in which  was revealed [1] . Concerning magnetic properties of , a subject of the present study, they were for the first time detected for -FeV [2] and a few years later for -FeCr systems [3] . For about five decades the magnetic ordering in these two cases was regarded as ferromagnetic (FM). However, it has turned out that the magnetism in these two alloy systems is much more complex. Namely, a re-entrant character was revealed i.e. the FM state turned out be an intermediate one while a spin-glass (SG) state was found to be the ground state [4] . In recent years magnetism of  was discovered in other two binary alloys of Fe viz. Fe-Re [5] and Fe-Mo [6, 7] . Alike in the Fe-V and Fe-Cr systems, the -FeRe and -FeMo compounds can be assigned as low-temperature, weak and highly itinerant FM, which exhibit re-entrant properties. However, contrary to -FeV and -FeCr cases for which the field-cooled (FC) magnetization curves showed the Brillouin-like behavior [4] , for both -FeRe [5] and -FeMo [7] the M FC curves have a maximum followed by a concave-like shape at lower temperatures. The latter, is in line with an antiferromagnetic (AF) behavior. To shed more light and get a deeper insight into the magnetism of  in the Fe-Mo system, a systematic DC magnetization study versus temperature, T, and applied magnetic field, H, was performed on a -Fe 47 Mo 53 alloy.
Based on the obtained results, a magnetic phase diagram in the H-T plane has been outlined and presented in this paper.
Experimental

Fe 47 Mo 53 sample preparation
The present study was carried out on one of sigma-phase samples of Fe 100-x Mo x , viz.
x=53, that were used in previous investigations [6, 7, 8] . It was produced by sintering of iron (99.9% purity) and molybdenum (99.95% purity) powders. The constituents were first mixed in the adequate proportion and next compressed into pellets which 3 were vacuum annealed at 1700 K for 6 h followed by quenching into liquid nitrogen.
Powder X-ray diffraction clearly indicates a tetragonal structure, which is one characteristic of the sigma phase [8] .
Magnetization measurements
Magnetization (M) measurements were carried out using a commercial (Quantum Design) superconducting quantum interference device (SQUID) magnetometer. The sample was mounted in gel-cap. Prior to recording the zero-field-cooled magnetization curves, M ZFC , the SQUID magnetometer was always adjusted to be in Usually one may plot the differences M=M FC -M ZFC as a function of temperature, as shown in Fig. 7 , and determines the value of T ir as the one below which M  0 e. g.
[9]. The same plots shown in Fig. 7 , can be sometimes, but not always, used for determination of T co . Namely, in some cases the M(T) curves show, at a pretty-well defined temperature, a steeper increase. These temperatures, often determined by a tangent or double-tangent method, are regarded as T co e. g. [9, 10] . However, sometimes the M(T) curves do not exhibit any well-defined anomaly. Alternatively, T co can be determined from the "knee" in the M ZFC curve applying a double-tangent method -see e. g. [11] . However, in our opinion this approach cannot give a unique estimation of T co because the M ZFC (T) dependence is neither linear with T above nor below the "knee". Instead, in the present analysis of the M ZFC curves we based our determination of T co on the observation that the second temperature derivative, Thus, in the present case, we have associated T co with this minimum. 
Irreversibility
It is evident from Fig. 1 that the difference between the M FC and M ZFC curves, M, depends on the applied field. As M can be regarded as a measure of irreversibility, it is of interest to see how it changes with H. In the case of -phase Fe-V and Fe-Cr alloys the M FC curves resembled the Brillouin-like function and M, was decreasing with H, and tending to zero [4] . In the present case, the M FC curves are different, namely they have a maximum at the same temperature as the M ZFC curves i.e. T m , and at lower T their shape is concave.
In order to quantitatively describe the irreversibility we calculated the difference in area under the M FC (T,H) and M ZFC (T,H) curves, M (H):
Where T 1 =5 K and T 2 =T ir . Figure 9 shows the obtained result; As follows from Fig. 9 , M is not a monotonous function of H since it has a maximum at H=350 Oe and a minimum at H=650 Oe. This reflects a complex magnetic behavior of the sample. Figure 10 clearly demonstrates that the applied magnetic field significantly affects the magnetization curves and the values of the characteristic temperatures. In particular we can easily notice that while for H=25 Oe T ir > T m and the M ZFC curve does not have a visible "knee", for H=800 Oe T ir < T m and the M ZFC curve displays a pronounced "knee". These features give qualitative evidence that the magnetism of re-entrant SGs significantly depends on H. however, the SG state can be divided into two sub states: SG1 with a low irreversibility and SG2 with the strong one. For re-entrant SGs the mean-field theory, and, in particular, the Gabay-Toulouse (GT) model [12] predict the existence of two characteristic lines which are regarded as the border lines between the two sub states with different degree of irreversibility. The one between the FM phase and the SG1 state can be experimentally constructed as loci of T ir (H), whereas the border line between SG1 and SG2 as loci of T co (H). Following the GT-model, the H-dependence of both these line can be described by a power law:
Magnetic phase diagram
Where T can be either T ir or T co .
Predicted values of  are: 2/3 for T ir and 2 for T co [12] . Within the uncertainties, in the present case for both temperatures 0.5, hence the agreement with the GT model is merely qualitative. for -FeCr, that both Fe and Cr moments are temperature dependent [14] .
Unfortunately, experimental determination of magnetic moments associated with particular lattice sites is practically hardly possible (at least no such reports are available in the literature hence validation of the calculations cannot be done. The only paper relevant to the site-resolved moments is the one in which 61 V nuclear magnetic resonance spectra were recorded for -FeV alloys based on which magnetic moments of V atoms were estimated [17] .
Conclusions
On the grounds of the present study, a magnetic phase diagram of a sigma-phase 3. The SG state is heterogeneous i.e. it can be divided into two sub states: SG1 with a weak irreversibility and SG2 with a strong irreversibility. 4 . The H-dependences of the irreversibility and of the cross-over temperatures agree qualitatively with the Gabay-Toulouse model.
